This study explores the uncertainty introduced in global assessments of coastal flood exposure and risk by not 15 accounting for water level attenuation due to land-surface characteristics. We implement a range of plausible water level 16 attenuation values in the flood module of the Dynamic Interactive Vulnerability Assessment (DIVA) modelling framework 17 and assess the sensitivity of flood exposure and flood risk indicators to differences in attenuation rates. Results show a 18 reduction of up to 47% in area exposure and even larger reductions in population exposure and expected flood damages.
Introduction

28
Increased flooding due to sea-level rise (SLR) is the primary natural hazard that coastal regions will face in the 21 st century, 29 with potentially high socio-economic impacts (Kron, 2013; Wong et al., 2014) . Broad-scale (i.e. continental to global) 30 assessments of coastal flood exposure and risk are therefore required in order to inform mitigation targets and adaptation 31 decisions (Ward et al., 2013a) , related financial needs and loss and damage estimates. Towards these ends, a number of recent 32 studies have assessed the exposure of area, population and assets to coastal flooding at national to global scales (Nicholls, 33 2004; Brown et al. 2013; Jongman et al., 2012a; Ward et al., 2013b; Arkema et al., 2013) as well as flood risk (Hinkel et al. and population data and the probability distribution of the hazard (i.e. sea flood heights and their probability of 90 occurrence); and 91 5. Expected value of annual damages to assets (hereafter, flood damage) (US $), a calculation based on elevation, 92 population and GDP data and the probability distribution of the hazard (i.e. sea flood heights and their probability of 93 occurrence).
94
For each coastline segment, a cumulative exposure function for area and population that gives the areal extent (hydrologically 95 connected to the sea) and number of people below a given elevation was constructed. Damages to assets were assessed using 96 a depth-damage function with a declining slope, with 50% of the assets being destroyed at a water depth of one metre (Messner To simulate the effect of different values of attenuation at the broad scale, we implemented a stylised elevation profile in order was used for estimating floodplain areas and developing the segment elevation profiles is the Shuttle Radar Terrain Mission 105 (SRTM) Digital Elevation Database (Jarvis et al., 2008) which has a vertical resolution of 1m and a spatial resolution of 3 arc 106 seconds (~90m at the equator).
107
We approximated the average coastal profile for every segment by assuming that elevation continuously increases with 108 distance from the shore. Starting with the lowest elevation increment, the floodplain areas of all elevation increments were 109 cumulatively summed to retrieve the total area below a certain elevation. The total areas are then divided by the segment length 110 to derive the inundation length of the respective floodplain (dxi).
111
To evaluate the representativeness of the assumption of continuously increasing elevation with increasing distance from the 112 shore, we used the original SRTM dataset and calculated the Euclidian distance of each cell to the nearest coastline for every 113 pixel. Mean distances from the coast were calculated for each of the floodplain areas of each segment. Subsequently, we 114 compared these mean distances with the respective average floodplain elevation for each DIVA coastline segment to analyse 115 the validity of the "continuous-increase" assumption. This comparison revealed that 55% of the DIVA coastline segments 116 show either a continuous increase or no change in the mean distance along the elevation profile ( Figure 1a ), suggesting that 117 elevation does not decrease with distance from the coast. Comparing all elevation increments of all segments (i.e. pairwise 118 comparison of the mean distances of consecutive elevation increments in a segment), there was an increase, or no change, in 119 the mean distance from the coastline in 88% of cases. Only 12% of cases showed a decrease ( Figure 1b ). This result indicates 120 that the stylised continuous profile (Figure 1a ) can be regarded as generally representative of global coastal topography. 
126
We then adjusted the coastal profile using a range of possible attenuation rates that represent different water surface slopes.
127
Depending on the applied value for water level attenuation, the slope (α) of the inundating water surface was employed to 128 (b) (a) Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-199 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. 
140
For the sensitivity analysis we used the following range of attenuation rates for inclining the water surface in order to represent 141 a constant water level attenuation and the associated reduction in water levels (α): 0, 10, 20, 50 and, following discussion with 142 experts in the field, 100cm/km. This range embraces the values reported in the literature (Table 1) , where water level under 143 storm conditions has been shown to decrease with distance from the coast. For reviewing the literature we employed the ISI directly reported values of water level reduction with distance and did not include studies focussing on wave attenuation. We 146 must note that the aim was not to carry out a systematic literature review but rather to identify a range of values that could be 147 used for our sensitivity analysis. The identified studies all relate to coastal wetland environments; although there are published 148 studies of localised water level dynamics from flow-form interactions in urban and other settings, we have not come across 149 similar landscape-scale assessments for other landuse types. Therefore we extended this review, where reported attenuation 150 values were up to 70cm/km, by directly contacting experts with experience in field or modelling studies. Following their 151 suggestions we decided to investigate attenuation rates of up to 100 cm/km as an upper limit.
153
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179
Our results show that the inclusion of constant water-level attenuation rates in the assessment of flooding results in large 180 differences in the values of the five indicators. For example, the area exposed to the 100-year flood in 2015 reduces by up to 181 47% with the use of different attenuation rates. A rate of 10cm/km, which has been assigned to non-vegetated surfaces, results
182
in an area reduction of 16% while a rate of 50cm/km, which has been measured in mangroves, can result in a reduction of 36%
183
(see Table 2 ). Interestingly, the number of people in the 100-year floodplain reduces to 58 million for an attenuation rate of 184 100 cm/km. This is a reduction of 63%, which is larger than the respective reduction in assets (55%) and in area (47%). This 185 result reflects the high population density near the coast that has been reported in previous studies (Neumann et al., 2015) .
186
Flood damages from the 1-in-100 year event are reduced in similar proportion, totalling a reduction of more than 1.4 trillion 187 US$ globally, for an attenuation rate of 100 cm/km.
Despite using a global value for the attenuation rate for every model run, the reduction in impacts is not uniform across the the reduction in annual flood costs follows a different trend, with exposed assets reducing by up to 71% in China, 49% in Bangladesh and 25% in the USA, reflecting differences in the physical characteristics of the floodplain as well as in the spatial 193 distribution of people and assets in the coastal regions of these three countries. scenario. It is also noteworthy that this, rather moderate, attenuation rate can shift impacts (in terms of area exposure) in time 217 by approximately 30 years (under all SLR scenarios).
218
Similar patterns can be observed for the exposure of population to the 1-in-100-year flood (Figure 4 ). An attenuation rate of 219 50cm/km, a value that has been reported in mangrove forests (Table 1) , leads to a reduction of more than 50% in the exposure 
231
Similar trends can be seen in the value of assets exposed to the 1-in-100-year flood, under all scenarios, when accounting for 232 water level attenuation ( Figure 5) . A constant attenuation of 20cm/km would result in a decrease in the exposure of assets of 233 approximately 37% in 2100, for a medium SLR scenario, whereas reductions of up to 48% can be seen in assets exposure 234 when an attenuation rate of 50 cm/km is used. At the same time, damages also reduce considerably by the introduction of water 235 level attenuation rates ( Figure 6 ). For example, the use of an attenuation rate of 10 cm/km results in a 28% reduction in damages 252 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-199 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 7 September 2017 c Author(s) 2017. CC BY 3.0 License.
Importantly, the effects of accounting for water level attenuation appear to be as important in assessing impacts as accounting for uncertainties related to the total magnitude of SLR that is commonly employed for impact analyses. In many of the cases It is widely acknowledged that the use of simplified methods, such as the bathtub method, can provide useful first-order are not taken into account. Such contributory factors can lead to an increased cost of damages and thus counteract the lower 264 impacts predicted from the use of a water level attenuation term alone. Furthermore, the analysis reported here is predicated 265 on the assumption of a continuous increase in elevation with increasing distance from the shore. This study shows that whilst 266 this assumption holds true for the majority of coastal segments, there are segments where this assumption does not hold true.
267
In these cases model outputs may poorly describe flood areas, flooded population numbers and asset damages and incorrectly 268 predict the effect of changes in the rate of water level attenuation. Nevertheless, and despite these caveats, our results emphasise 269 the importance of accounting for uncertainties in impact assessments stemming from an inadequate consideration of water 270 level attenuation over coastal plains.
271
Our approach means to provide an illustration of the potential effects of water level attenuation, as this process is not constant 272 throughout the floodplain and depends on numerous parameters beyond the type of the surface cover. These factors include 273 storm duration, wind direction, water depth and vegetation traits (Resio and Westerink, 2008; Smith et al., 2016; Stark et al., 274 2016). Furthermore, applying a constant slope to account for water level attenuation is a strong simplification, since this will 275 vary between different storm events, but also under the influence of SLR. Nevertheless, given the very high sensitivity of the 276 outputs to small changes in water level reduction and the obvious lack of sufficient data on the actual effect of different types 277 of surface on attenuating water levels during surges, we suggest that future work needs to focus on quantifying the water level 
280
have shown that disregarding buildings and associated infrastructure (roads, gardens, ditches) when assessing inundation can 281 lead to a large overestimation of the extent of flooding. Furthermore, given the large range of uncertainty with respect to the 282 actual values of water level reduction associated with just one surface cover, wetland habitat (Table 1) , future impact modelling 283 needs to focus on a better understanding of the temporal and spatial variation of water levels across floodplains showing a 284 wide variety of landuse types and human occupancy, including densely urbanised regions (e.g. Lewis et al., 2013; Blumberg et al., 2015) . This work should include, but also go beyond, quantifying the water level reduction of coastal wetlands in order to enable broad-scale models to incorporate, initially in a stylised manner, the effects of water level attenuation. management schemes (e.g. Temmerman et al., 2013) . In addition, achieving lower water levels through the establishment of 290 coastal wetlands not only reduces impacts but may also affect the timing of potential adaptation tipping points by extending 
